Dynamic nuclear polarization (DNP) enhances nuclear magnetic resonance (NMR) signals by transferring electron spin polarization to nuclei. As DNP requires microwave magnetic fields B 1 strong enough to saturate electron spins, microwave resonators are generally used to achieve a sufficient B 1 , at the expense of restricting the sample size. Higher fields improve NMR sensitivity and resolution. However, resonators at 9 T for example can only hold nano-liters (nL). Larger volumes are possible by avoiding resonators, but the higher power needed to reach B 1 is likely to evaporate the sample. Here, we demonstrate a breakthrough in liquid state DNP at 9 T, boosting the sample size to the µL range. We could use high-power (70 W) microwaves thanks to a planar probe designed to alleviate dielectric heating. We enhanced the 1 H NMR signal intensity of 2 µL of liquid water by a factor of 14, while maintaining the water temperature below 40 •
Nuclear magnetic resonance (NMR) is a powerful analytical tool in chemistry and biochemistry. However, the low sensitivity of NMR, which is directly linked to the strength of the nuclear magnetic moments, generally requires samples containing a large number of nuclear spins, more than 10 17 spins, or long measurement times. Dynamic nuclear polarization (DNP) can increase NMR signal intensity by transferring the much higher polarization of unpaired electron spins to bulk nuclei [1] . DNP requires microwaves (MW) of sufficiently strong magnetic fields (B 1 ) to saturate the electrons spin resonance. At X band ( 9 GHz at 3 kG), this can be easily achieved by using microwave resonators with a high quality factor (Q) [2] [3] [4] . The sample is located at a position of low electric field (E 1 ), thus preventing dielectric heating of the sample under test. However, the size of the microwave resonators decreases as the magnetic field and the frequency increase. As a consequence, the sample volume contained at the B 1 maximum in microwave resonators is inherently limited by the microwave wavelength. This can restrict the sample volume for DNP at 9 T to nanoliters only. Furthermore, it becomes difficult to combine it with the resonator used for NMR at radio frequencies (RF). Therefore, microwave resonators are generally not used for high-field DNP (> 5 T) and instead, high-power microwave generators such as gyrotrons or extend interaction klystron (EIK) are used [5] [6] [7] . A power level of a few watts is sufficient in solid state DNP with magic angle spinning (MAS) at 9 T [8] to saturate at least partially the electron spin resonance in glassy frozen solutions because, in these samples, the electron spin-lattice relaxation time T 1e is quite long, about 0.1-1 ms [9] . In addition, dielectric heating is weak in solid state DNP because of the relatively low loss tangent (tan δ 0.01) of frozen samples [10] . Furthermore, the samples are thermalized thanks to the high cooling power of the cold N 2 used to spin the rotors. Signal enhancement in solid state DNP with MAS can be optimized by choosing suitable radicals [11, 12] .
Saturating electron spins of radicals in liquids at high field is more challenging because T 1e is much shorter (e.g. ∼ 120 ns for TEMPOL radicals) [13] . Therefore, a much larger B 1 is required in liquids than in solids. Since aqueous or other polar solutions generally have larger dielectric loss than frozen solutions (tan δ ≥ 0.8), more cooling power is needed.
Prisner et al. conducted liquid state DNP at 9 T using an e − 1 H double resonance probe with a Q 400 for e, and the sample was restricted to only a few nL [13] [14] [15] [16] . The microwave resonator allowed them to achieve 90 % of the full electron spin saturation with 100 mW of microwave power. However, dielectric heating large enough to heat the sample over the boiling point could occur, so that active cooling obtained by blowing N 2 gas on the sample was necessary to keep the sample temperature under control.
In this study, we report a new approach that can boost the possible sample volume to microliters for liquid state DNP at 9 T. We used a high-power gyrotron ( 150 W), and obtained DNP without relying on a microwave resonator to saturate electron spins. Such a high MW power would boil off solutions held in conventional NMR probes. An innovative DNP-NMR probe design (Pat. Pend. [17] ) prevents heating of the sample because the liquid is located where E 1 is minimum and because the liquid is also well thermalized with the metal backing of the probe. The thin sample (d = 100 µm λ/4) can be of as much as 10 µL. We succeeded in an enhancement 
RESULTS
DNP spectrometer and experiment procedure. Figure 1 (a) shows the liquid state DNP spectrometer used in this study, which is composed of a high-power gyrotron, two corrugated polarizing λ/4 & λ/8 mirrors that allow us to control the polarization of the millimeter wave, a 5 m-long corrugated waveguide, a miter bend, a superconducting NMR magnet (9 T), and the planar probe. The gyrotron was designed using a triodemagnetron-injection gun that enables an independent control of the anode voltage [18, 19] .
This allows for unique features such as fast frequency tunability and fast switchability [20] . off for a while after the NMR signal acquisition to allow the sample to return to the initial temperature.
Planar probe. As illustrated in Fig The support acts as a ground plane for MW and a heat sink. With nearly ideal boundary condition (i.e. E 1 = 0) imposed by the conductive ground plane, the sample is located at a maximum of B 1 , which is a node of E 1 . This geometry results in reducing E 1 and, hence, the dielectric heating in the sample. As shown in the simulation of E 1 amplitude above the Cu support (COMSOL Multiphysics) in Fig. 3 (a) and (b), E 1 is minimized at the ground plane, and becomes stronger farther away from the Cu support. As the skin depth of pure water at 260 GHz is about 200 µm [21] larger than 100 µm of the sample thickness, all nuclear spins in the sample can be hyperpolarized by DNP. The sample is also in the thermal contact with the support that has a high thermal conductivity and a large thermal capacity. This enables rapid heat transport from the sample to the support. For the above two reasons, we expect to be able to apply high power MW without producing severe sample heating.
Quasi optical units to produce circularly polarized microwaves. The quasi optical λ/4 and λ/8 mirrors for 260 GHz are placed after the gyrotron output window, and are 6 tailored to transform the linearly polarized gyrotron output to circular polarization. The circular polarization produced by the mirrors is twice as effective at saturating electron spins as linearly polarized MW. We previously showed that circularly polarized microwaves are able to induce a larger enhancement in frozen solutions than linearly polarized microwaves at the same power [20] . However, the grid on the probe itself acts as a linear polarizer, rejecting half the power. An alternative probe configuration uses a coil loosely wound around the Cu support and the fused silica, in place of the wire grid. While this produces somewhat inhomogeneous B 1 in the sample place, it is less polarization selective and the average B 1 intensity is higher when circularly polarized MW beams are used. This method was used for 1 H DNP, while the grid was used for 31 P DNP.
Liquid state
1 H DNP at 9 T in water. We obtained liquid state 1 H DNP at 9.2 T ( 1 H = 395 MHz) and at room temperature with water containing 80 mM TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl). The DNP mechanism in liquid state is the Overhauser effect [22] . Recently, the Overhauser effect was also observed in the solid phase of glass-forming media, such as ortho-tetraphenyl or polystrene, doped with radicals at high fields (over 9 T) and even at room temperature [23, 24] . Polarization transfer from electron to nuclear spins is mediated by cross relaxation due to time-dependent scalar or dipolar interactions. The coupling factor that represents the transfer efficiency becomes larger as the spectral density of the time-dependent interactions contains larger component near the EPR frequency. As the EPR frequency increases and becomes comparable to the inverse correlation time of translational or tumbling motions of the molecules, the component near the EPR frequency in the spectral density rapidly decreases. This implies that the coupling factor becomes smaller as the magnetic field increases, which results in less efficient liquid state DNP at high field [3, 14] . In particular, the coupling factor between water protons and radicals via dipolar relaxation was predicted to be negligible at high field. However, Prisner nuclei. This sample volume is about 700-fold greater than previously reported (∼ 3 nL) using a microwave resonator for 260 GHz [16] . If the temperature (tan δ) increases to 30
• C (1.2), the skin depth is expected to decrease down to 85 µm that is smaller than the sample thickness, most of the power is absorbed above the ground plane. This short skin depth causes the B 1 maximum to occur underneath the grid, and also to reduce its strength to 1.9 G, as shown in Fig. 3 (d) .
On the contrary, E 1 is constantly minimized at the ground plane in both tan δ, as shown in Fig. 3 (a) and (b). The B 1 for tan δ = 1.2 in most of the sample region is lower than that for tan δ = 0.8, which implies that a larger power is required at higher temperature in order to saturate electron spins. Therefore, a loose NMR coil and circularly polarized MW were used for 1 H DNP in this experiment in order to obtain saturation. The DNP frequency was set to the center of the electron paramagnetic resonance (EPR) spectrum of 14 N-TEMPOL, which was obtained using our own high field EPR spectrometer [26] .
We turned on MW for 1 sec and turned off MW for 5 sec to cool the sample. The large broadening about 10 ppm in the spectra comes from the inhomogeneity of the NMR magnet of ∼ 2 ppm/mm 2 . We were unable to use 1 H NMR thermometry in order to estimate the sample temperature after MW irradiation because the 1 H NMR frequency shift as a function of temperature (-0.012 ppm/ • C) [15] is much smaller than our NMR magnet inhomogeneity.
However, the enhancement found, similar to that at 40
• C in ref. [16] , implies a similar sample temperature after MW irradiation because we can assume that the electron spins were almost fully saturated in our case also. Our estimate of the temperature increase is also supported by the NMR thermometry experiments described below. The DNP signal intensity remains constant between experimental cycles, which also indicates that no sample loss occurs due to boiling.
31 P DNP at 9 T in fluorobenzene solution. We also performed liquid state 31 P DNP with a polar solution of triphenylphosphine (Ph 3 P) dissolved in fluorobenzene (C 6 H 5 F) with 80 mM BDPA (α,γ-bisdiphenylene-β-phenylallyl). The for C 6 H 5 F at 3 GHz was estimated to be 1.5 in a previous report [27] , while that for water is about 29 at the same frequency. BDPA was reported to have a longer T 1e than TEMPOL, so a smaller microwave power is needed. Griffin et al. performed liquid state 31 P DNP at 5 T with Ph 3 P dissolved in a non-polar solvent of benzene with BDPA, and obtained a high enhancement of about 180 using 0.5 W of MW power [28] . The solvent used here (C 6 H 5 F) is polar, and much larger dielectric heating is expected than in the benzene solutions that Griffin et al.
used [28] . A solenoid coil with smaller diameter showed smaller enhancement than the solenoid coil used in this study because it had smaller heat capacity, causing even more severe sample loss. ppm at an irradiation time of 1 sec. As the irradiation time increases, the spectrum not only shows a larger shift, but also becomes broadened and distorted due to temperature gradients in the sample. The spectrum at an irradiation time of 5 sec is shifted to about 110 ppm, and becomes remarkably broadened, which indicates a severe sample heating and an inhomogeneous temperature in the sample. We found that more than half of the sample had evaporated after the experiment. On the contrary, the planar probe shows much smaller shifts and negligible broadening increase with irradiation time, as depicted in Fig. 5 (b) .
A maximum shift of about 23 ppm is observed after an irradiation time of 5 sec without a significant broadening or distortion in the spectrum. This implies that dielectric heating is kept under control in the planar probe and that the temperature gradient remains negligible.
We also tried a much higher MW power of 100 W. This MW power is strong enough to bring a frozen solution in a normal solenoid coil at 20 K to the liquid state at room temperature within 1.5 sec [30] . Starting from a sample at room temperature, a large sample loss would occur in the solenoid coil due to evaporation even with a small irradiation time, so this experiment was performed only with the planar probe, as shown in Fig. 5 (c) . The spectra show larger shifts compared to those in Since a large temperature gradient occurs in the solenoid coil, we compared only maximum temperature increases in the planar probe and in the solenoid coil, as displayed in Fig. 6 . The maximum temperature increases T max are estimated by the positions at half maximum of the peak height. For the solenoid coil, some part of the sample were estimated to reach temperatures as high as 100
• C, which is consistent with the large sample loss observed after the experiment. On the other hand, the temperature of the sample in the planar probe is found to increase by about 20
• C with 17 W of MW power. Even at 100 W, the planar probe shows an increase of only about 25
• C for an irradiation time of 1 sec. We expect a roughly similar increase in the sample temperature after MW irradiation of 70 W in the liquid state 1 H DNP.
DISCUSSION
In this study, we showed a new methodology for increasing the sample volume for liquid state DNP at 9 T from nL to µL by using a high power gyrotron and a planar probe.
The increase in sample volume has several benefits; first, easy sample handling (injection into the planar probe, or dropping on the Cu support), second, negligible interference from background signals, and third, 1 H NMR signal intensity large enough for a single scan.
Even though sufficient MW power was produced by the gyrotron, the 1 H enhancement was limited by the small coupling factor. The enhancement could be improved by using radicals with narrower EPR lines such as 15 N-TEMPOL and Fremy's Salt [13, 15] or using supercritical fluids, whose correlation time for molecular motion would be much shorter than that of water [31, 32] . Dielectric heating in the planar probe can be further reduced by using thinner samples while still holding µL of liquid. This new method can be extended to higher or lower magnetic fields by modifying the thickness of the sample region and the grid. 
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Sample preparation
